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Abstract
Composite Higgs models with anarchic partial compositeness require a scale of new physics O(10 −
100) TeV, with the bounds being dominated by the dipole moments and ǫK . The presence of anarchic
bilinear interactions can change this picture. We show a solution to the SM flavor puzzle where the
electron and the Right-handed quarks of the first generation have negligible linear interactions, and the
bilinear interactions account for most of their masses, whereas the other chiral fermions follow a similar
pattern to anarchic partial compositeness. We compute the bounds from flavor and CP violation and
show that neutron and electron dipole moments, as well as ǫK and µ→ eγ, are compatible with a new
physics scale below the TeV. ∆F = 2 operators involving Left-handed quarks and ∆F = 1 operators
with dL give the most stringent bounds in this scenario. Their Wilson coefficients have the same
origin as in anarchic partial compositeness, requiring the masses of the new states to be larger than
O(6− 7) TeV.
1 Introduction
Composite Higgs models where the Higgs arises as a resonance of a strongly coupled field the-
ory (SCFT) at the TeV scale offer a very interesting solution to the hierarchy problem. The
realization of flavor in these models is very different from the Standard Model (SM). One of
the most attractive ideas in this context has been anarchic partial compositeness, where the
SM fermions have linear interactions with operators of the SCFT, generating at low energies
mixing with the fermionic resonances and masses for the SM fermions [1]. Although the SCFT
is flavor anarchic, the mixings can be hierarchical if the scale ΛUV,ψ at which the interactions
are generated is much larger than the TeV and the operators interacting linearly with the SM
fermions have different anomalous dimensions. A very attractive feature of partial composite-
ness is that the hierarchical mixing can simultaneously reproduce the hierarchical spectrum of
SM fermions as well as the angles of the CKM matrix. Moreover, flavor violating processes are
suppressed by the same small mixings, leading to non-generic Wilson coefficients of flavor vio-
lating higher-dimensional operators [2, 3, 4, 5, 6]. Although this mechanism is enough to satisfy
most of the bounds, ǫK requires the scale of resonances mρ & O(10) TeV, whereas µ→ eγ, as
well as the electron and neutron dipole moments require mρ/gρ & O(5− 40) TeV, where gρ is
the coupling between resonances [7, 8, 9]. These bounds generate a problem of fine-tuning of
the electroweak (EW) scale.
There are several interesting alternatives in the literature. One example corresponds to
the introduction of flavor symmetries in the SCFT [10, 11, 12, 13, 14, 15], as well as full
compositeness of the Left- or Right-handed SM quarks [14]. In these models the only non-
trivial flavor structure is proportional to the SM Yukawa coupling, thus bounds from flavor
violation can be satisfied with mρ ∼ TeV. Besides the fact that in this case the idea of anarchy is
abandoned, a new problem emerges: if the light quarks are fully composite, 4-fermion operators
are only suppressed by the TeV scale, inducing deviations in dijet production at LHC that have
not been observed [16]. The authors of Ref. [17] have proposed a symmetry to supress the
main contributions to ǫK in anarchic partial compositeness, however Ref. [18] has shown that
the suppression is spoiled once quark masses are taken into account. Ref. [19] has provided
a completion of the set-up of [17], discussing to which extent the bounds from ǫK can be
alleviated, and showing that dipole operators can be suppressed.
In most of the analysis of models with partial compositeness, bilinear interactions of the SM
fermions with the SCFT have been neglected. One of the main reasons for this being that their
effect is considered very small, due to the large anomalous dimension of the Higgs operator
OH 1 and the huge separation between the TeV scale and the scale ΛUV,H at which the bilinear
interactions are generated. In this paper we want to pursue the idea of flavor anarchy by adding,
to the usual scenario of anarchic partial compositeness, the effect of bilinear interactions with
couplings that are anarchic at the scale ΛUV,H. As is well known, anarchic bilinear interactions
by their own can not solve the flavor puzzle of the SM. However, they can provide masses to the
1In order to solve the hierarchy problem, the lowest dimensional operator of the SCFT that is a gauge singlet
and can create two Higgses at low energies, must have anomalous dimension & 4. As shown in Ref. [20], under
some general assumptions, this implies that dim OH has to be significantly larger than 1.
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light fermions, as those of the first generation, and, when combined with linear interactions, they
offer new possibilities for flavor [21]. In particular, since the most stringent bounds in anarchic
partial compositeness arise from processes involving the fermions of the first generation, taking
some chiralities of these fermions mostly elementary those bounds can be relaxed. We will
show a solution where, in an anarchic SCFT, the interplay of linear and bilinear interactions
can lead to a realistic model, and the most stringent bounds can be alleviated.
Some recent works have also considered the presence of bilinear interactions, as Ref. [22] that
has briefly discussed them in scenarios with flavor symmetries, and Refs. [23, 24]. However the
UV scales and the spectrum of resonances of these models, as well as the parametric dependence
of the bounds, are different from the approach that we propose here. Ref. [21] considered the
presence of linear and bilinear interactions for the lepton sector, although the authors did not
discuss the bounds from flavor observables.
The paper is organized as follows: in sec. 2 we describe a model containing linear and
bilinear interactions of the SM fermions with operators of a flavor anarchic SCFT. We show a
solution that leads to the hierarchies of the SM fermion masses and to the pattern of mixing in
the quark and lepton sectors. In sec. 3 we compute the contributions to the Wilson coefficients
of the operators that provide the main sources of flavor and CP violation. We compare the
bounds with the case of anarchic partial compositeness and show how some of the most stringent
bounds can be alleviated. Our conclusions are in sec. 4. In the Appendices A and B we consider
effective models of a composite Higgs. In Ap. A we present a minimal model, described in terms
of a two-site theory, with a composite Higgs and set of fermionic and spin 1 resonances. In
Ap. B we consider a pseudo Nambu-Goldstone boson (pNGB) Higgs arising from SO(5)/SO(4),
with a set of fermionic resonances. In both cases we compute the Wilson coefficients of the
operators of sec. 3.
2 Flavor with linear and bilinear couplings
We consider a theory that contains a flavorful strongly interacting sector that confines and
generates resonances with masses mρ ∼ few TeV. As we specify below, the flavor structure of
the SCFT is assumed to be anarchic. The strong dynamics also produces a light spinless state,
that can be identified with the Higgs boson. 2 There is also an elementary sector, external to
the SCFT, containing the SM fermions. The SM gauge bosons are also elementary, and weakly
gauge a subgroup of the global symmetry of the SCFT.
We assume that at the high scale ΛUV,H ≫ mρ the SM quarks couple bilinearly to an
operator OH , that is the SCFT operator with lowest dimension that at low energies can create
2As has been extensively discussed in the literature, a very interesting possibility to suppress the Higgs mass
compared with mρ is to have a Higgs as a pNGB of the SCFT [25, 26]. In Ap. B we show a low energy effective
model containing a pNGB Higgs.
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a Higgs:
L ⊃
∑
ψ=u,d
ωjk
yψ
(ΛUV,H)
Λ∆H−1UV,H
q¯jLψ
k
ROH + h.c. , (1)
where ∆H is the scaling dimension of OH in energy units, and j, k label generations. In
Technicolor OH is an operator bilinear in techniquarks, with ∆H ≃ 3. In the present scenario
we do not need to specify the content ofOH , besides ∆H and ΛUV,H are taken as free parameters.
Anarchy dictates that the couplings at the UV scale: ωjkψ (ΛUV,ψ), have no structure at all, thus
all the coefficients of these matrices are of the same order. Besides the interactions of Eq. (1),
at the scale ΛUV,H higher dimensional operators providing sources of flavor and CP violation
can also be generated. As we will discuss in sec. 3, to avoid unacceptably large corrections,
ΛUV,H has to be taken larger than O(105) TeV [20].
We also assume that at a scale ΛUV,ψ ≫ mρ the SM quarks couple linearly to operators of
the SCFT Oψ
L ⊃
∑
ψ=qL,uR,dR
ωjkψ (ΛUV,ψ)
Λ
∆k
ψ
−5/2
UV,ψ
ψ¯jOkψ , (2)
where ∆ψ is the scaling dimension of Oψ. We assume that ΛUV,ψ is the same for all the SM
quarks, it does not need to be equal to ΛUV,H , although a priori there is no need to take
them different. ∆ψ can take different values for the different flavors and generations. As for the
bilinear couplings, in the anarchic scenario there is no flavor structure for the linear couplings at
the scale ΛUV,ψ, therefore all the coefficients of ωψ(ΛUV,ψ) are of the same order. For simplicity
we assume that each SM fermion have linear interactions with just one operator of the SCFT.
At low energies the composite operatorsOψ create fermionic resonances. We assume that the
masses of the lowest lying level of resonances are of the same order, mρ, for all the operators Okψ,
and that the couplings among the resonances can be described in terms of a single parameter
1 < gρ . 4π. We find it useful to define the scale f = mρ/gρ. Since EW precision tests require
v/f . 0.3− 0.5 [27], we will assume this bound on f to be satisfied in the rest of the paper.
We assume that the energy dependence of the couplings ωyψ and ωψ is driven by the di-
mension of the corresponding operators. Up to corrections O(1), at the scale mρ the linear and
bilinear couplings can be approximated by:
yjkψ ∼ ωjkyψ(ΛUV,H)
(
mρ
ΛUV,H
)∆H−1
, λjkψ ∼ ωjkψ (ΛUV,ψ)
(
mρ
ΛUV,ψ
)∆k
ψ
−5/2
. (3)
As usual in composite Higgs models, for large separation of scales and ∆H significantly larger
than 1, y is strongly suppressed, in such a way that the Yukawa coupling can not account for
the mass of the top, however it can give a significant contribution to the mass of the light
quarks. The coupling λψ is responsible for partial compositeness of the SM quarks. Taking ∆ψ
near 5/2 for q3L and u
3
R, the top becomes significantly composite, and an O(1) Yukawa can be
generated through this mechanism even for a large separation of scales. On the other hand, for
the Right-handed bottom, as well as for the quarks of the first and second generation, ∆ψ will
be taken flavor dependent and larger than 5/2, leading to hierarchical mixings.
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To proceed with the analysis, we find it convenient to rotate to the basis where λψ are
diagonal [28]:
λψ = U
†
ψλ
D
ψUOψ , (4)
where Uψ rotates the elementary fermions and UOψ the composite operators. If the dimen-
sions ∆kψ differ for different generations, the eigenvalues of λψ are hierarchical: λ
j
ψ/λ
k
ψ ∼
(mρ/ΛUV )
∆j
ψ
−∆k
ψ , and the coefficients of UOψ are of order: U
jk
Oψ ∼ λ
j
ψ/λ
k
ψ, for ∆
j
ψ > ∆
k
ψ. On the
other hand, for anarchic ω all the coefficients of the matrix Uψ are of the same order. Since
to leading order the evolution of the bilinear coupling is driven by ∆H , in the new basis the
matrix of Yukawa couplings yψ is also anarchic. In the following we will work in this basis.
At energies below mρ the fermionic states can be integrated-out, generating the following
effective Yukawa couplings for the elementary fermions
Y jkψ ≃ yjkψ + cjkψ
λjqλ
k
ψ
gρ
(5)
with cjkψ ∼ O(1) anarchic coefficients, arising from the Yukawa couplings of the composite
states. The first term is the usual coupling of theories of Technicolor and the second one is the
Yukawa generated in partial compositeness.
In the next sections we will sometimes use λL and λR for the mixing of the Left- and Right-
handed fermions, such that for quarks λL = λq and λR = λu, λd, whereas for the leptons λL = λℓ
and λR = λe. Generation indices will be added whenever necessary.
2.1 Quark masses and mixing angles
The masses and mixing of the SM quarks are obtained by bi-unitary diagonalization of Y ,
defined in Eq. (5). We will consider the situation in which the bilinear coupling at the scale
mρ is of the same order as the Yukawa couplings of the SM fermions of the first generation:
yjkψ ∼ ySMψ , ψ = u, d , (6)
thus yjkψ ∼ MeV/v. Notice that once the value of the Yukawa coupling at certain scale is fixed,
Eq. (3) gives a relation between ∆H and ΛUV,H.
We will consider the case of large dimensions ∆1u and ∆
1
d, with λ
1
u,d ≪ yu,dgρ/λjq, and in our
calculations we will take:
λ1u,d = 0 , (7)
neglecting, as a leading order approximation, the linear mixing of the Right-handed quarks of
the first generation.
Since yψ is too small to generate the masses of the fermions of the second and third gener-
ation, those masses must be generated by partial compositeness. Using Eqs. (6) and (7) in (5),
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the resulting Yukawa matrix can be approximated by:
Yψ ∼

 yψ λ1qλ2ψ/gρ λ1qλ3ψ/gρyψ λ2qλ2ψ/gρ λ2qλ3ψ/gρ
yψ λ
3
qλ
2
ψ/gρ λ
3
qλ
3
ψ/gρ

 , (8)
where we have not shown factors of O(1), and where we have neglected yjk compared with
λjqλ
k
ψ/gρ for k = 2, 3.
The CKM matrix of EW charged interactions can be obtained by taking λjq as in the case
of anarchic partial compositeness:
λ1q/λ
2
q ∼ λC , λ2q/λ3q ∼ λ2C , (9)
where λC ≃ 0.22 is the Cabibbo angle. The SM quark masses can be reproduce if Eq. (6) and
the following relations are satisfied:
λ3u ∼ ySMt
gρ
λ3q
, λ2u ∼ ySMc
gρ
λ2q
,
λ3d ∼ ySMb
gρ
λ3q
, λ2d ∼ ySMs
gρ
λ2q
. (10)
As usual in partial compositeness, the top mass requires a large degree of compositeness of
both chiralities.
Using Eqs. (6), (7), (9) and (10) in (5), it is straightforward to check that there is one
eigenvalue of order yψ, reproducing the masses of the fermions of the first generation, and two
eigenvalues of order
λjqλ
j
ψ
gρ
∼ m
j
ψ
v
for j = 2, 3 that give the masses of the quarks of the second
and third generation. It is also straightforward to show that, to leading order in powers of yψ
and λR, YψY
†
ψ has exactly the same structure as in the case of anarchic partial compositeness.
2.2 Leptons
For the charged leptons we will consider a scenario similar to the quarks, with linear and bilinear
interactions for doublets ℓjL and singlets e
j
R. The size of ye is controlled by the running of ωye ,
Eq. (3), as in the sector of quarks. The scale ΛUV,ψ for leptons will be taken equal to the scale
for quarks. The Yukawa coupling of the charged leptons can be obtained from Eq. (5), taking
ψ = e and changing q by ℓ. Following Eq. (6), the bilinear interactions give a contribution to
the mass of the charged leptons of order MeV, and thus are able to account for the mass of
the electron, whereas the masses of the muon and tau require partial compositeness. We will
consider the case of large dimensions ∆1ℓ and ∆
1
e, with(λ
1
ℓ,e)
2 ≪ yegρ, and in practice we will
take:
λ1ℓ = λ
1
e = 0 , (11)
neglecting the linear mixing of the Left and Right-handed electron.
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For the second and third generations we choose hierarchical couplings of same size for both
chiralities [29]:
λjℓ ∼ λje ∼
√
mejgρ
v
, j = 2, 3 . (12)
With this choice of parameters the unitary matrices that diagonalize Ye have small mixing
angles, and the PMNS matrix is approximately determined by the unitary matrix diagonalizing
the neutrino sector.
For the neutrinos we will follow the proposal of Refs. [21] and [28, 24], where neutrino masses
are generated by a bilinear operator involving the Left-handed leptons only, the neutrinos being
Majorana fermions. We add to Eqs. (1) and (2) the dimension five Weinberg operator:
L = ω
jk
yν(ΛUV,H)
Λ
∆′
H2
−1
UV,H
(ℓ¯jL)
cℓkLO′H2 , (13)
where O′H2 is the lowest dimensional operator of the SCFT that is a triplet of SU(2)L with
hypercharge Y = 1, and ωyν (ΛUV,H) is an anarchic coupling. At low energies, Eq. (13) generates
masses and mixings for the neutrinos. Up to corrections O(1), the coupling at the energy scale
mρ is:
yjkν ≃ ωjkyν (ΛUV,H)
(
mρ
ΛUV,H
)∆′
H2
−2
, (14)
such that for ∆′H2 > 2 and ΛUV,H ≫ mρ small neutrinos masses can be naturally obtained:
mν ∼ yνv2/ΛUV,H. If the scale mρ and the size of ωyν are fixed, reproducing the neutrino masses
requires a relation between ΛUV,H and ∆
′
H2 . If, as discussed in sec. 3, ΛUV,H & 10
5 TeV, taking
ωyν ∼ O(π) and mρ ∼ O(3 TeV), we obtain the bound ∆′H2 . 3.6.
For anarchic Yukawa all the neutrino masses are naturally of the same order and the mixing
angles are O(1). Therefore the large mixing angles of the PMNS matrix can be generated by
Eq. (13).
3 Flavor and CP violation
We study in this section the main sources of flavor and CP violation when linear and bi-
linear couplings are present. The Wilson coefficients of the corresponding operators have a
contribution arising from partial compositeness, that have been extensively studied in the lit-
erature [8, 9, 30], and there are new contributions induced by the bilinear interactions. For the
choice of parameters of Eqs. (6), (7) and (11), processes involving Right-handed quarks of the
first generation, as well as electrons, require insertions of the bilinear interactions, therefore the
corresponding Wilson coefficients are dominated by contributions that have a different structure
compared with partial compositeness. We study the bounds arising from these processes and
compare them with the predictions of anarchic partial compositeness. We also briefly comment
which are the most stringent bounds in this scenario.
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We stress that we do not attempt to make a complete analysis of flavor in composite Higgs
models. Instead we consider the largest flavor violating effects.
We will consider the flavor and CP violating operators contained in the following Lagrangian:
L = Cabd′ Qabd′ + Cabp Qabp + Cabcd4f Qabcd4f , (15)
where a, b, . . . collect flavor and generation indices, we will sometimes use these indices to
denote generations: a = 1, 2, 3, and when necessary we will use them to denote flavor and
chirality: a = dL, sL, . . . The operators in Eq. (15) are given by:
3
Qabd′ = gSMψ¯aFµνHσµνψb , (16)
Qabp = ψ¯aγµψbH†
←→
D µH , (17)
Qabcd4f = ψ¯aγµψbψ¯cγµψd . (18)
After EWSB we find it useful to define the operators:
Qabd = gSMmbψ¯aFµνσµνψb , (19)
QabZ = Zµψ¯aγµψb , (20)
where the corrections to the Z-interactions arise from penguin operators by putting the Higgs
to its vacuum expectation value.
In the presence of linear and bilinear interactions, the Wilson coefficients of the opera-
tors (18), (19) and (20), expanding to second order in λ and y, can be estimated as:
Cabd ∼
1
mb
1
(4π)2
v
m2ρgρ
[
g2ρλLλR + gρy(λ
2
L + λ
2
R) + y
2λLλR
]ab
, (21)
CabZL,R ∼
g
cW
v2
m2ρg
2
ρ
(g2ρλ
2
L,R + gρyλLλR + y
2λ2R,L)
ab , (22)
Cabcd4f ∼
1
m2ρg
2
ρ
[λ4(1 + gρy
v2
m2ρ
+ y2
v2
m2ρ
)]abcd , (23)
where we have assumed that the dipole operators are effects of order 1-loop and we have
specified the chirality of the Z coupling. We have not specified the indices L or R of the
factors λ in Eq. (23) because they depend on the values of the superindices of Cabcd4f . In the
Appendices A and B we compute the predictions for these Wilson coefficients in two effective
models of composite Higgs, and we show that they are in agreement with the estimates of Eqs.
(21)-(23).
The flavor and generation indices of the Wilson coefficients: a, b, . . . , are inherited from
λaψ and y
ab
ψ . In Eqs. (21) and (22), to zeroth order in y there are only insertions of λ, thus
(λ2)ab = λaλb, whereas in the structure of O(y) one of the indices arises from λ and the
other from y, for example: (yλ2)ab = λaybcλc + . . . , where c runs over generations and the
3The SM field H can be identified with the operatorOH at the low energy scalemρ after proper normalization.
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dots stand for permutations of indices satisfying the aforementioned conditions. Since y is
anarchic, the size of ybc is independent of the value of the indices, on the other hand, being
λ hierarchical, λc is dominated by the third generation, c = 3. For the terms quadratic in y,
(y2λ2)ab ∼ λaybcycdλd+yacybdλcλd+ . . . , with c, d running over generations, such that the flavor
indices of the Wilson coefficients can be associated to two Yukawa couplings or to one index of
the Yukawa and one of λ. Similar considerations apply to Eq. (23), to zeroth order in y each
index of C4f is associated to the index of one λ. To O(y), one index of C4f is associated to
one index of y, and the other three indices to three factors of λ, leaving free a fourth factor of
λ that is dominated by the third generation, with a chirality that accounts for the chiral flip
induced by the insertion of y. To O(y2), the indices of C4f can be associated to two Yukawa
couplings and two factors of λ, or to one index of the Yukawa and three factors of λ, leaving
free two or one factor of λ, respectively. The chirality of these factors account for the chiral
flips induced by the insertions of y.
In partial compositeness y = 0 and only the first term of Eqs. (21)-(23) is present. The
effect of the bilinear interactions becomes relevant if λL and/or λR are very small, in which
case the terms of order y or y2 can dominate. In our approach, these effects are relevant only
for operators with uR, dR, eR and eL, since for these fermions we consider λ = 0. Thus the
Wilson coefficients of the operators involving these fermions differ from the case of anarchic
partial compositeness. We find that, for quarks, the terms of O(y) dominate over the terms of
O(y2). For the leptons, in operators involving eL and eR, as electromagnetic dipole moment
(EDM), the terms of O(y) are very small and those of O(y2) dominate.
The operators of Eqs. (16)-(18) can also be generated at the scale ΛUV,H, with Wilson
coefficients:
Cd′ ∼ ωd
′(ΛUV,H)
Λ∆H+1UV,H
, Cp ∼ ωp(ΛUV,H)
Λ
∆
H2
UV,H
, C4f ∼ ω4f (ΛUV,H)
Λ2UV,H
. (24)
We take the dimensionless couplings ω, at the scale ΛUV,H , anarchic and of size 1 . ω(ΛUV,H) .
4π. At the low energy scale mρ, these couplings can be approximated by:
ωd′(mρ) ∼ ωd′(ΛUV,H)
(
mρ
ΛUV,H
)∆H−1
, ωp(mρ) ∼ ωp(ΛUV,H)
(
mρ
ΛUV,H
)∆
H2
−2
. (25)
In order to estimate the size of these contributions we assume ω(ΛUV,H) ∼ O(π). Demanding
C4f & (2 × 105 TeV)−2, as required by the K0 − K¯0 system, we obtain ΛUV,H & 3 × 105 TeV.
Using this bound and Eq. (6), we obtain: ∆H . 2.1. Taking these bounds for ΛUV,H and ∆H ,
the contributions to flavor and CP violating observables from Eq. (24) can be safely neglected.
We will assume this to be the case in the rest of the paper.
Dangerous ∆F = 2 operators can also be generated by tree-level Higgs exchange. These
corrections are suppressed if the Higgs is a pNGB and the fermions transform under suitable
representations of the global symmetry of the strong sector [31, 32], for that reason we will not
consider them in our analysis. In Ap. B we show an effective model where the conditions for
the alignment are realized.
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3.1 Quarks
We consider the effects of flavor and CP violation in the quark sector. We define:
δq =
(
λ3q
gρ
)2
λ3C ≃ 10−2
(
λ3q
gρ
)2
. (26)
As we will show, the Wilson coefficients contain a suppression factor δq, compared with partial
compositeness, for each factor uR or dR present in the corresponding operator, although in some
cases extra suppression factors can also be present (see Eq. (32)). These suppression factors
change the main bounds on f and mρ, as those arising from the neutron dipole moments and
ǫK , allowing f and mρ even somewhat below the TeV for these processes.
3.1.1 Dipole operators
We consider dipole operators involving a Right-handed quark of the first generation, neglecting
λ1R we obtain:
C1RaLd ∼
1
m1
1
(4π)2
v
m2ρgρ
[
gρyλ
a
Lλ
3
L + y
2λ3Lλ
3
R
]
. (27)
Using Eqs. (6), (9) and (10) one can check that the term of O(y) dominates over the term of
O(y2). Using these equations, and comparing with the case of anarchic partial compositeness,
we obtain:
C1RaLd ∼ (C1RaLd )pc δq. (28)
The ∆F = 0 dipole operator of the down quark of the first generation is strongly con-
strained by the neutron EDM [33]. In anarchic partial compositeness one obtains a bound
f & 5 TeV [28]. Eq. (28) relaxes the bound by a factor
√
δq ∼ 10−1λ3q/gρ. A similar result is
obtained for the up-quark, with a somewhat less stringent bound.
∆F = 1 dipole operators with dR or uR quarks have the same suppression factor. C
sLdR
d
is constrained by ǫ′/ǫ [34], leading to f & 1.2 TeV in anarchic partial compositeness [28].
Eq. (28) relaxes this bound by a factor
√
δq. However the Wilson coefficient of the chiral
flipped operator, CsRdLd , does not have this extra suppression in our model, see sec. 3.1.4 for a
brief discussion on this operator.
3.1.2 Penguin operators
CabZQ generates ∆F = 1 flavor violating Z-interactions. Neglecting the effect of λ
1
R, for operators
involving uR or dR we obtain:
C1aZR ∼
g
cW
v2
m2ρg
2
ρ
[
gρyλ
3
Lλ
a
R + y
2(λ3L)
2
]
. (29)
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Trading factors of λ and y by masses and CKM mixing angles, Eqs. (6), (9) and (10), one can
check that the term of O(y2) is suppressed compared with the one of O(y). By comparing with
the case of anarchic partial compositeness:
C1aZR ∼ (C1aZR)pc δq . (30)
The most important bound on this class of operators aises from s− d transitions, that are
strongly constrained by the decay KL → µ+µ− [35]. In anarchic partial compositeness without
custodial protection of the couplings, CsdZR leads to mρ & 0.6gρ/λ
3
q TeV, Eq. (30) relaxes this
bound by a factor
√
δq. The bounds on C
sd
ZR
are relaxed if the Z coupling is protected by a
discrete symmetry [36].
3.1.3 Four fermion operators
The largest source of ∆F = 2 flavor violation arises from mixed-chirality four fermion operators.
Considering operators with one power of uR or dR, and taking λ
1
R very small, we obtain:
CaLbLcR1R4f ∼
1
m2ρg
2
ρ
v2
m2ρ
λaLλ
b
L[gρyλ
c
Rλ
3
L + y
2(λ3L)
2 + y2λcRλ
3
R] . (31)
Using Eqs. (6), (9) and (10), one can check that the term of O(y2) is suppressed compared with
the one of O(y). By comparing with the case of anarchic partial compositeness:
CaLbLcR1R4f ∼ (CaLbLcR1R4f )pc
(
v
f
)2
δq . (32)
The most important bounds on ∆F = 2 operators arise from the K0 − K¯0 system, that
strongly constrains CdLsLdRsR4f , leading to mρ & 10 TeV in anarchic partial compositeness [8].
Eq. (32) relaxes this bound by a factor
√
δqv/f . Other four fermion operators involving uR or
dR have less stringent bounds.
3.1.4 Bounds from partial compositeness
As discussed in this section, the bounds from flavor violating operators involving uR or dR
allow f and mρ lighter than 1 TeV. However, since the Wilson coefficients of operators that
do not involve these quarks are dominated by partial compositeness, the bounds arising from
these operators are not relaxed in our scenario, compared with models of anarchic partial
compositeness. Following Refs. [30, 28], the main bounds arise from the ∆F = 2 operators
(s¯RdL)
2 and QdiLd
j
L
di
L
dj
L
4f = (d¯
i
Lγ
µdjL)
2, with i > j, that require: mρ & 6 TeV and mρ & λ
3
q/λ
3
u ×
6 − 7 TeV, respectively. Whereas the main ∆F = 1 operators are the electromagnetic and
chromomagnetic dipoles QsRdLd , that give a bound: f & 1.2 TeV. Thus in the present scenario
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these bounds do not change compared with anarchic partial compositeness, and they are the
most stringent ones.
There are other operators that can give stringent bounds, as QsdZL, however discrete symme-
tries can protect the Z couplings relaxing the bounds from this operator [36].
3.2 Leptons
We consider the effects of flavor and CP violation in the lepton sector, realized as discussed in
sec. 2.2. We define:
δℓ ≡
√
memτ
v gρ
≃ 10
−4
gρ
. (33)
The Wilson coefficient of operators involving leptons are suppressed by one power of δℓ for each
power of the electron field, either eL or eR, compared with anarchic partial compositeness. As
we will show, due to this suppression the most important problems from flavor and CP violation
in the lepton sector can be alleviated, such that mρ ∼ TeV is compatible with the bounds.
3.2.1 Dipole operators
For the ∆F = 0 dipole operator of the electron we obtain:
Ceed ∼ (Ceed )pc δℓ2 , (34)
with two powers of δℓ due to the presence of eL and eR in the operator.
The electron EDM gives very strong constraints on the Wilson coefficient Ceed [33]. In
anarchic partial compositeness: f & 38 TeV [28]. Eq. (34) relaxes this bound by a factor δl.
For ∆F = 1 dipole operators involving the first and second generations of charged leptons,
µ→ eγ, we obtain:
Cµed ∼ (Cµed )pc δℓ . (35)
In this case just one power of δℓ is present since the operator involves only one of the chiralities
of the electron, either eL or eR. The same suppression factor is present for τ → eγ, under the
assumptions of sec. 2.2.
Cµed is strongly constrained by µ→ eγ [33]. The bound f & 25 TeV is obtained in anarchic
partial compositeness, whereas Eq. (35) relaxes this bound by a factor
√
δl ∼ 10−2/√gρ.
3.2.2 ∆F = 1 penguin operators
For the flavor violating Z-interactions we obtain:
CµeZL,R ∼ (C
µe
ZL,R
)pc δℓ , (36)
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the same suppression factor is present for the τ − e coupling.
CµeZ contributes to µ − e conversion in nuclei [30]. In anarchic partial compositeness the
bound is mρ & 2
√
gρ TeV, Eq. (36) relaxes this bound by a factor
√
δl.
4 Conclusions
We have considered a theory of composite Higgs with anarchic flavor, taking the SM fermions
as elementary fields external to the strongly interacting sector. We have introduced linear
and bilinear interactions at a UV scale much larger than the scale of resonances, that has been
taken asmρ ∼ few TeV. We have considered the case in which, under some suitable assumptions
for the energy evolution of the couplings, the interplay of both interactions can generate the
hierarchy of fermion masses and the pattern of mixing angles in the sector of quarks and leptons.
In particular, we have studied the case where the masses of the fermions of the first generation,
being all of the same order, are dominated by bilinear interactions, whereas the masses of the
fermions of the second and third generations are dominated by partial compositeness. In the
sector of quarks, this scenario can be realized if, at the scale mρ, the bilinear coupling is of
order ySMu,d and the linear interactions of uR and dR are very small. On the other hand, a non-
vanishing Cabibbo angle requires non-vanishing linear interaction of (uL, dL). For the leptons,
if the neutrinos are Majorana particles, neutrino masses can be generated by the dimension five
Weinberg operator with an anarchic coupling at high energy scales, naturally leading to large
mixing angles and neutrino masses of the same order. Being this the case, the linear interactions
of eL and eR can be taken very small at the scale mρ, and the electron mass is generated by the
bilinear interaction. Considering hierarchical linear interactions for both chiralities of µ and τ ,
the diagonalization matrices of the charged leptons have small mixing angles.
We have presented the contributions to the main flavor violating operators from the linear
and the bilinear interactions. We have shown that, in the scenario described in the previous
paragraph, some of the most stringent bounds can be relaxed, as those arising from the neutron
dipole moments, those from chiral-mixed operators in the system K0 − K¯0, the electron EDM
and µ− e processes. In anarchic partial compositeness, these processes require mρ and f larger
than ∼ 10 and ∼ 5 TeV, respectively, in the quark sector, and f & 20− 40 TeV in the lepton
sector. In the scenario proposed in this paper, these bounds are compatibles with mρ and f
below the TeV.
Flavor and CP violating processes that do not involve uR or dR, do not change compared
with the usual anarchic partial compositeness. Some of these processes provide the most strin-
gent bounds in the model proposed, pushing the scales mρ and f to ∼ 6 − 7 and ∼ 1 TeV,
respectively [30, 28]. In our scenario, effects of flavor violation should be observed first in pro-
cesses involving the operators s¯RFµνσ
µνdL, (s¯RdL)
2, (d¯iLγ
µdjL)
2, with i > j. These operators
give contributions to the Kaon and B-meson systems, as well as K → 2π.
The phenomenology of the model at colliders is similar to the case of anarchic partial
compositeness. The most important difference is that resonances associated to Right-handed
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fermions of the first generation, as well as the Left-handed electron, having tiny mixing with
these fermions, will be difficult to excite.
Although in the present model the bounds on mρ from flavor violation are alleviated com-
pared with anarchic partial compositeness, the flavor violating operators mentioned above re-
quire mρ & 6− 7 TeV. This bound introduces some tension with naturalness, that requires mρ
and f around the TeV, and puts the resonances out of reach of direct production at the LHC.
Finding a way to suppress the contributions to those operators would relax this tension.
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A A minimal model
An explicit calculation of the Wilson coefficients of the operators of Eqs. (16)-(20) can be done
by considering an effective description of the SCFT. In this section we consider a theory with
two sites: one site called elementary and containing the same fields and interactions as the SM,
except for the Higgs field, and another site containing the Higgs and the first level of resonances
of the composite sector [37]. Spin 1 resonances can be obtained by gauging a symmetry in the
second site, for simplicity we consider an SU(3)c×SU(2)L×U(1)Y group, custodial symmetry
can be included straightforwardly. Fermionic resonances can be described by adding Dirac
fermions in the second site, we add one vector-like fermion for each SM quark and we assign them
to the same representations as the SM fermions. Both sites are connected by non-linear sigma
model fields that parametrize the breaking of the elementary and composite symmetries to the
diagonal subgroup, providing masses to the gauge fields associated to the broken generators,
and leaving a set of massless vector fields associated to the unbroken generators. The non-linear
sigma model fields allow to introduce the usual linear interactions between the elementary and
composite fermions. We also add Yukawa interactions bilinear in the elementary fermions, as
well as Yukawa interactions bilinear in the composite fermions. The couplings of the composite
sector, collectively called gρ, are assumed to be larger than the couplings of the elementary
one but in the perturbative regime: gel ≪ gρ ≪ 4π. The SM gauge couplings are given by:
g−2SM = g
−2
ρ +g
−2
el . We will use small letters to denote the elementary fields and capital letters to
denote the composite ones. Below we discuss the sector of quarks, for the leptons we will not
show the calculations, but the results presented in the previous sections have been obtained by
following the same strategy.
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The Lagrangian can be written as:
L = Lel + Lmix + Lcp , (37)
where Lel is the Lagrangian of the elementary sector, containing the kinetic terms of the gauge
and fermion fields of the first site, that coincide with the corresponding terms of the SM. Lmix
contains the terms mixing both sites and Lcp the terms of the second site.
Lcp contains the following terms:
Lcp ⊃Q¯(i6D −mQ)Q + D¯(i6D −mD)D + yρQ¯LHDR + yˆρQ¯RHDL + h.c. (38)
Q = (Qu, Qd) and D denote the multiplets of fermionic resonances, with generation indices
being implicit. We have shown the terms involving fields of the down-sector only, the extension
to the up-sector is straightforward once an SU(2)L singlet U is added. Leptons can also be
included by adding vector-like fermions with the same quantum numbers as the SM fermions.
As discussed before, there are also kinetic terms for the gauge fields of the second site, as well
as kinetic terms and a potential for the Higgs.
By working in the gauge where the non-linear sigma model fields are removed:
Lmix ⊃ f
2
4
(gela
a
µ − gρAaµ)2 + f (λq q¯LQ+ λdd¯RD) + yq¯LHdR + h.c. (39)
The fields aµ and Aµ denote the gauge fields of the elementary and composite gauge groups,
respectively. Also in this case it is straightforward to complete the up-sector, that is not shown
for simplicity.
Since gρ ≫ gel, the massive spin one states are mostly composite. In the limit of vanishing
elementary couplings, these states are fully composite, with mass: mρ = gρf/
√
2.
As discussed in sec. 2, we choose a basis where λ is diagonal, whereas the Yukawa couplings
y and yρ, as well as the masses of the composite fermions: mQ and mD, are anarchic.
4 These
masses are assumed to be of order mρ, and the Yukawa couplings of the composite site are
taken as: yρ, yˆρ ∼ gρ.
In the basis: ΨL = (q
d
L, Q
d
L, DL), ΨR = (dR, Q
d
R, DR), the mass matrix is given by:
M =

 yv/
√
2 fλq 0
0 mQ yρv/
√
2
fλd yˆρv/
√
2 mD

 , (40)
and the corresponding Yukawa by: Y = d
dv
M .
4Notice that all the eigenvalues of mQ and mD are of the same order, thus there are no hierarchies between
these states. After the linear mixing is taken into account, the masses of the composite fermions are shifted,
as usual in partial compositeness, the states with large mixing obtaining a larger contribution than those with
small mixing.
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A.1 Mass basis
To obtain the Wilson coefficients (21)-(23) we rotate to the mass basis. We consider first
the case of one generation and compute the lightest eigenvalue of the mass matrix and the
corresponding eigenvectors. To O
(
v
f
)
, the lightest mass and eigenvectors are:
m(1) ≃ v√
2
|mQmDy + yρf 2λqλd|
(m2Q + f
2λ2q)
1/2(m2D + f
2λ2d)
1/2
, (41)
v
(1)
L ≃
(
mQ
(m2Q + f
2λ2q)
1/2
,− fλq
(m2Q + f
2λ2q)
1/2
,
v√
2
−yλdfmQ + yρλqfmD
(m2Q + f
2λ2q)
1/2(m2D + f
2λ2d)
)
, (42)
v
(1)
R ≃
(
mD
(m2D + f
2λ2d)
1/2
,
v√
2
yρλdfmQ + yλqfmD
(m2Q + f
2λ2q)(m
2
D + f
2λ2d)
1/2
,− fλd
(m2D + f
2λ2d)
1/2
)
. (43)
In the scenario proposed in sec. 2, for the first generation the first term in the numerator of
Eq. (41) dominates, leading to md ∼ yv/
√
2, whereas for the other generations the second term
dominates: mj ∼ λjqλjdv/gρ
√
2, with j = s, b. For these estimates we have used: mQ,D ∼ gρf .
In the following we will use a hat for the matrices in the basis of mass eigenstates, we will
order this basis by increasing mass eigenvalue, with n = 1 for the lightest sate that is associated
with the SM down-type quarks, and n > 1 for the heavier beyond the SM states. We will use
subindices for the matrix elements of the operators in this basis.
A.2 Flavor and CP violation
In this section we compute the Wilson coefficients (21)-(23) with just one flavor. We will only
show the results for the down-type fermions of the model, the results for the up sector and
charged leptons are very similar and can be computed straightforwardly.
We start with Cd, we estimate its size by computing the 1-loop contribution with the physical
Higgs running in the loop, Fig. 1. Following Ref. [38], the main contribution is proportional to
A =
∑
n>1
Yˆ1nYˆn1
m(n)
(44)
with Yˆℓn the Yukawa coupling in the mass basis, and where we have assumed that m
(n) ≫ mh.
A simple algebraic manipulation allows to simplify the calculation by noticing that the following
equation requires just the eigenvalue and eigenvectors of the lightest mode of the mass matrix
M :
A = (U †LYM
−1Y UR)11 − 1
m(1)
(U †LY UR)
2
11 , (45)
where UL,R are the rotation matrices that diagonalize M . Since (UL)n1 = v
(1)
L , (UR)n1 = v
(1)
R ,
it is not necessary to perform the full diagonalization, that requires the calculation of all the
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eigenvalues and eigenvectors of M . By using Eqs. (40)-(43) in (45), we obtain:
A ≃ vf 2
[
λ2d
(
yy2ρ
m2Qm
2
D
+ 3
yyρyˆρ
mQm3D
)
+ λ2q
(
yy2ρ
m2Qm
2
D
+ 3
yyρyˆρ
m3QmD
)
(46)
−λdλq
(
3
y2yˆρ
m2Qm
2
D
+ 2
y2yρ
mQm3D
+ 2
y2yρ
m3QmD
+ 3
y2ρyˆρ
m2Qm
2
D
)]
, (47)
that is in agreement with the estimate of Eq. (21).
CZ can be obtained by computing the matrices of Z-couplings: G
Z
L,R, in the original basis,
and then projecting them with the eigenvectors of the lightest modes. Subtracting the SM term
and expanding in powers of λ and y we obtain:
(GˆZR)11 ≃
g
cW
v2f 2
m2D
(
y2ρλ
2
d
2m2D
+
y2λ2q
2m2Q
− yyρλdλq
mDmQ
)
, (48)
(GˆZL)11 ≃ −(GˆZR)11(q ↔ d,Q↔ D) , (49)
in agreement with the estimate of Eq. (22).
C4f is induced by exchange of a gluon resonance. Going to the mass basis, the mixing
between elementary and composite fermions generates interactions between the light fermions
and the massive gluon. The couplings of Left- and Right-handed light fermions are:
(gˆR)11 ≃ gρf
2λ2d
m2D
[
1 +
v2
2
(
2
y2
m2D
+
y2ρ
m2Q
+ 2
yρyˆρ
mDmQ
)]
+gρ
v2
2
[
λ2q
y2f 2
m4Q
− 2yf
2λdλq
mDmQ
(
yρ
m2D
+
yρ
m2Q
+
yˆρ
mDmQ
)]
, (50)
(gˆL)11 ≃ (gˆR)11(q ↔ d,Q↔ D) , (51)
where we have expanded to second order in powers of λ and v/f . Matching C4f = (gˆ)
2
11/m
2
ρ,
with the corresponding chirality subindices, and expanding in powers of y to second order, leads
to the estimate of Eq. (23).
B MCHM
In this section we will consider the case in which the Higgs is a pNGB generated by the
spontaneous breaking of a global symmetry of the SCFT. We will study the scenario with global
symmetry SO(5)×U(1)X , with the Higgs arising from SO(5)/SO(4), known as the Minimal
Composite Higgs Model (MCHM) [26]. An SU(2)L×U(1)Y subgroup is gauged by the EW
fields of the SM. The SCFT also has a global SU(3), that is gauged by the color interactions of
QCD. As described in sec. 2, the SM fermions are taken as elementary fields. We will consider an
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effective description of the SCFT in which we will only include one level of fermionic resonances.
We will assume that there are three generations of composite fermions. As mentioned in sec. 3,
we will choose SO(5) representations for fermions where, to leading order, the Yukawa coupling
is aligned with the mass for the would be zero modes corresponding to the SM fermions [31].
Interestingly, this scenario contains a new flavor structure, the d-term associated to the Nambu-
Goldstone boson (NGB) nature of the Higgs, that provides new sources of flavor violation
compared with the minimal model of Ap. A.
The Higgs is described by the field Π = ΠaˆT
aˆ, with T aˆ the broken generators of SO(5),
aˆ = 1, . . . 4. The fundamental object to build the effective theory is the NGB matrix
U = ei
√
2Π/f . (52)
By following the standard Callan-Coleman-Wess-Zumino procedure, one can build the operators
dµ and eµ, defined by: U
†DµU = eaµT
a + daˆµT
aˆ, T a being the unbroken generators and Dµ the
usual covariant derivative.
The composite fermions are assumed to transform with linear irreducible representations of
the unbroken group SO(4), and with non-linear representations of SO(5). We will use capital
letters to label SO(5) representations and small letters for SO(4) representations, such that
a given R of SO(5) decomposes under SO(4) as: R ∼ ⊕jrj. To leading order the effective
Lagrangian of the composite sector is
Lcp ⊃f
2
4
daˆµd
aˆµ +
∑
r
[
iΨ¯r( 6∂ + i6e− igx 6X)Ψr + Ψ¯rmrΨr
]
+
∑
r,s
[
icrsΨ¯r 6dΨs + h.c. + Crs
f 2
(Ψ¯rΓΨr)(Ψ¯sΓΨs) +
C˜rs
f 2
(Ψ¯rΓΨs)(Ψ¯sΓΨr)
]
. (53)
The first line contains the kinetic term of the NGB fields and fermions, flavor and generation
indices are understood. The first term of the second line contains interactions between the NGB
and composite fermions in different representations of SO(4). The coupling crs can distinguish
chiralities, we will allow different couplings for the Left- and Right-handed fermions in our
analysis. The 4-fermion interactions can be generated, for example, by exchange of resonances.
Γ is a generic matrix, in Dirac and color space, that depends on the quantum numbers of
the resonance exchanged. Particularly interesting is the case of Γ = γµPL,RT
α, with T α the
color generators, that, after integration of the fermionic resonances, contributes to the Wilson
coefficient C4 of the mixed chirality four-fermion operator.
The size of the coefficients of Lcp can be estimated by using suitable power-counting rules [39,
40, 27], leading to crs, Crs and C˜rs of O(1). Anarchy of the SCFT implies that all the elements
of the matrices mr, crs, Crs and C˜rs, in flavor space, are of the same order.
Although we have not included vector resonances in Lcp, they can be added. In the case of
an effective description in a two-site model, this can be done by gauging the global symmetries
of the second site, as in Ap. A [41, 42, 43, 28]. In the low energy theory these resonances can
be integrated-out, giving contributions similar to those of Eq. (53).
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The Lagrangian of the elementary sector, Lel, contains the usual kinetic terms for fermions
and gauge bosons. As usually done in the literature [26], we find it useful to add spurious
degrees of freedom in the elementary sector to embed the corresponding fields into irreducible
representations of SO(5). We will call the SO(5) representations of the elementary quarks Rq,
Ru and Rd, choosing the same representations for the three generations. These representations
can be decomposed in irreducible representations of SO(4), we will call rq the SO(4) representa-
tion of Rq that contains the SM doublet qL, and ru,d the ones containing the singlets. Similarly,
the elementary gauge fields will be embedded into the adjoint representation of SO(5)×U(1)X ,
with Y = T 3R +X .
Besides Lcp and Lel, there is also a mixing Lagrangian given by:
Lmix ⊃f
∑
r
[
(q¯LU)rλqrΨr + (d¯RU)rλdrΨr + (q¯LU)ry
r
d(U
†dR)r
]
+ h.c. (54)
where we have not included the terms corresponding to the up-sector for simplicity, but it is
straightforward to add them. r is any irreducible representation of SO(4) contained in Rq or
Rd. φr is the projection of φ, that transforms with an irreducible representation of SO(5), into
r. The product of two representations r is projected into the SO(4) singlet.
The interactions between the elementary and composite sectors explicitly break the SO(5)
global symmetry, inducing a potential for Π at loop-level. This potential can misalign the
vacuum and trigger EWSB. A general vacuum can be characterized by the variable ǫ = sin(v/f),
with v = 〈h〉 and h = Π4ˆ being the physical Higgs [26].
B.1 MCHM5
As an example we consider the down sector of the MCHM5, we embed qL and dR in the same
representation: Rq = Rd = 5−1/3 ∼ (2, 2)−1/3 ⊕ (1, 1)−1/3. In this case: rq = (2, 2) and
rd = (1, 1). For the composite fermions we consider: Ψ4 ∼ (2, 2)−1/3 and Ψ1 ∼ (1, 1)−1/3:
Ψ4 =
1√
2


i(V − U)
V + U
i(D −D′)
D +D′

 , Ψ1 = D˜ , (55)
where U and V have electric charge 2/3 and −4/3, respectively, whereas the other states have
Q = −1/3. The charges of the down-type resonances under SU(2)L and SU(2)R, in units of
1/2, are: D(−,+), D
′(+,−) and D˜(0,0).
A description of the up-sector requires the presence of new fermionic resonances, for example
a Ψ′
4
∼ (2, 2)2/3 and Ψ′1 ∼ (1, 1)2/3. It is straightforward to include these states in the model,
for simplicity we will not consider them in the analysis of this section. Similarly, leptons can
be included by choosing appropriate representations, as Rℓ = Re = 5−1, with rℓ = (2, 2) and
re = (1, 1), and the addition of Ψ
ℓ
4
∼ (2, 2)−1 and Ψe1 ∼ (1, 1)−1. In this case the sector of
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charged leptons is similar to the sector of down-type quarks. The mass matrix, its eigenvectors
and eigenvalues can be obtained from the ones of the down-type quark, by changing q → ℓ and
d→ e. The matrices of couplings with the gauge bosons can be computed straightforwardly.
B.2 Interactions and mass basis
Similarly to Ap. A, to estimate the size of the Wilson coefficients, we find it useful to work in the
mass basis. We consider first the case of one generation and compute the lightest eigenvalue and
eigenvectors of the mass matrix. In the basis ΨL = (dL, DL, D
′
L, D˜L), ΨR = (dR, DR, D
′
R, D˜R),
the mass matrix of the down-sector is given by:
M =


ǫ
√
1−ǫ2√
2
f(yd4 − yd1) 1+
√
1−ǫ2
2
fλq4
√
1−ǫ2−1
2
fλq4 − ǫ√2fλq1
ǫ√
2
fλd4 md4 0 0
ǫ√
2
fλd4 0 md4 0√
1− ǫ2fλd1 0 0 md1

 . (56)
For the calculation of different Wilson coefficients, the couplings with the Higgs and the EW
gauge bosons are required:
Lint ⊃ hΨ¯LYΨR + h.c. + Ψ¯L(GZLZµ +G∂hL ∂µh)γµΨL + (L→ R) . (57)
where Y = ∂M
∂v
, whereas G∂h and GZ are the matrices of couplings with the derivative of the
Higgs and with the Z, respectively. In the interaction basis:
GZL =
g
cW


s2W
3
− 1
2
0 0 0
0
s2W
3
−
√
1−ǫ2
2
0 −1
2
cLǫ
0 0
√
1−ǫ2
2
+
s2
W
3
cLǫ
2
0 cLǫ
2
−1
2
cLǫ
s2
W
3

 ,
GZR =
g
cW


s2W
3
0 0 0
0
s2W
3
−
√
1−ǫ2
2
0 −1
2
cRǫ
0 0
s2
W
3
+
√
1−ǫ2
2
cRǫ
2
0 cRǫ
2
−1
2
cRǫ
s2
W
3

 ,
G∂hL = i
cL
f


0 0 0 0
0 0 0 1
0 0 0 1
0 −1 −1 0

 , G∂hR = G∂hL (cL → cR) . (58)
As in the previous example, we will use a hat for the matrices in the basis of mass eigenstates:
Yˆ , Gˆ∂h, GˆZ .
We have diagonalized the down-sector performing a perturbative expansion in powers of v/f ,
to O(v3/f 3), below we show our results to O(v/f), it is also straightforward to diagonalize the
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system expanding in powers of ǫ. The lightest mass and eigenvectors are:
m(1) ≃ v√
2
fλq4λd4md1 − fλq1λd1md4 +md1md4(yd1 − yd4)
(m2d1 + f
2λ2q1)
1/2(m2d4 + f
2λ2d4)
1/2
, (59)
v
(1)
L ≃
(
md4
(m2d4 + f
2λ2d4)
1/2
,− fλq4
(m2d4 + f
2λ2d4)
1/2
, 0,
v√
2
λq1md4md1 + f
2λd1λd4λq4 + fλd1md4(yd1 − yd4)
(m2d1 + f
2λ2q1)(m
2
d4 + f
2λ2d4)
1/2
)
,
(60)
v
(1)
R ≃
(
md1
(m2d1 + f
2λ2d1)
1/2
,− v√
2
λd4md4md1 + f
2λd1λq1λq4 + fλq4md1(yd4 − yd1)
(m2d4 + f
2λ2q4)(m
2
d1 + f
2λ2d1)
1/2
,
− v√
2
λd4md1
md4(m2d1 + f
2λ2d1)
1/2
,− fλd1
(m2d1 + f
2λ2d1)
1/2
)
. (61)
As expected there are two contributions to the mass, one from the bilinear coupling, of or-
der ∼ v(yd1 − yd4)/
√
2 and another one involving the linear mixing of order ∼ v(λq4λd4 −
λq1λd1)/(gρ
√
2). As in the case of the non-NGB Higgs, by taking dR elementary, that corre-
sponds to λ1,4d → 0 for the first generation, the down quark mass is generated by the bilinear
interaction. For the second and third generations partial compositeness dominates.
B.3 Flavor and CP violation
As for the minimal model, in this section we show the Wilson coefficients (21)-(23) with just
one flavor and for the down-type fermions. The up sector and charged leptons can be analysed
doing similar calculations, for the later an expansion to second order in yr is required in some
cases.
Let us start with the dipole operators. There are new contributions to Cd in this model,
compared with the minimal one: the d-term gives new Feynman diagrams at one loop. For our
calculation we follow Ref. [44]. In Fig. 1 we show the one loop Feynman diagram of the dipole,
with exchange of a virtual state Φ. For Φ being the Higgs boson, there are two possibilities for
the vertices: the Yukawa couplings and the derivative interactions arising from the d−terms.
There are three kind of diagrams in this case, proportional to: Y 2, Y G∂h and (G∂h)2. For Φ
being the Z and W the coupling arises from the gauge interactions.
Ref. [44] has provided the corresponding expressions for each kind of diagram in the mass
basis. The authors have shown that the contributions from W+ and W− cancel each other.
Below we describe the contributions mediated by the Z and the Higgs with different number
of derivatives. Assuming that the heavy fermions are much heavier than the SM particles:
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ψSM Ψ
gSM
ASMµ
ψSM
Φ
Figure 1: One loop contribution to the dipole operator of the SM fermions. The external A
field can be inserted in the fermionic or bosonic propagator. Ψ is a heavy fermion, Φ can be
either a Higgs or a gauge boson. The couplings in the vertices can be gauge, Yukawa or d−term
couplings.
mψ ≫ mq,Z,h, the results are simplified as:
CZd ≃
gSM
4(4π)2m(0)
1
m2Z
∑
j>1
(GˆZL)1jm
(j)(GˆZR)j1 ,
Chd ≃
gSM
4(4π)2m(0)
∑
j>1
(Yˆ )1j(Yˆ )j1
m(j)
,
Ch∂hd ≃ −
gSM
12(4π)2m(0)
∑
j>1
[
(Gˆ∂hL )1j(Yˆ )j1 − (Yˆ )1j(Gˆ∂hR )j1
]
,
C
(∂h)2
d ≃ −
gSM
8(4π)2m(0)
∑
j>1
(Gˆ∂hL )1jm
(j)(Gˆ∂hR )j1 . (62)
By simple algebraic manipulations these equations can be computed in the interaction basis,
and then projected to the lightest state by using the eigenvectors, as in the minimal model of
Ap. A. Expanding to second order in λ and yr:
CZd ≃ L
v√
2
[
−λq4λd4
f m4
+
√
2c†R
λq4λd1
f m1
+
√
2c†L
λq1λd4
f m1
− 2c†Lc†R
λq1λd1m4
f m2
1
+(y4 − y1)
(
2λ2d4 − λ2q4
2 m2
4
+ 2c†Lc
†
R
λ2d1m4
m3
1
+ cLc
†
R
λ2q4m1
m3
4
)
−(y4 − y1)2λq4λd1 f√
2
(
c†R
m1m
2
4
+
c†L
m2
1
m4
)]
,
Chd ≃ L
v√
2
[
−λq4λd4
f m4
+
λq1λd1
f m1
+ (y4 − y1)
(
2λ2d4 − λ2q4
2 m2
4
+
λ2q1 − 2λ2d1
2 m2
1
)
+(y4 − y1)2f
(
−λq1λd1
m3
1
+
λq4λd4
m3
4
)]
,
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Ch∂hd ≃ L
v
3
√
2
i
[
−λq4λd1
(
cL
f m4
+
c†R
f m1
)
+ λq1λd4
(
cR
f m4
+
c†L
f m1
)
+i(y4 − y1)2λq4λd1 f
3
√
2
(
cR − c†R
m1m
2
4
+
cL − c†L
m2
1
m4
)]
,
C
(∂h)2
d ≃ L
v
3
√
2
[
2cLcRf
λq4λd4
m1m24
− 2c†Lc†Rf
λq1λd1
m4m21
+ (y4 − y1)f 2
(
cLcR
λ2q4
m1m34
+ 2c†Lc
†
R
λ2d1
m4m31
)]
.
(63)
where L = gSM(16π
2m(1))−1. These contributions are in agreement with the estimate of
Eq. (21).
The corrections to the Z coupling can be computed by projecting GZL,R with the eigenvectors
of the lightest mode and subtracting the SM coupling. Expanding in powers of λ and y we
obtain:
(GˆZR)11 ≃ −
g
cW
v2
[
(y4 − y1)f
(
λd1λq4(cR − c†R)
2
√
2m2
4
m1
+
λd4λq4
2m3
4
)
+ (y4 − y1)2f 2
λ2q4
4m4
4
]
, (64)
(GˆZL)11 ≃
g
cW
v2
[
λ2q4
4m2
4
+
λ2q1
4m2
1
+
λq4λq1
2
√
2m4m1
(cL − c†L)
+ (y4 − y1)f
(
λd1λq4(cL − c†L)
2
√
2m2
1
m4
− λd1λq1
2m3
1
)
+ (y4 − y1)2f 2 λ
2
d1
4m4
1
]
. (65)
Notice that the contribution of order O((y4 − y1)0) is absent in (GˆZR)11, since this coupling is
protected by PC-symmetry [36]. Taking into account this cancellation, Eqs. (64) and (65) are
in agreement with the estimate of Eq. (22).
Rotating to the mass basis, the composite 4-fermion operators generate a contribution to
C4f . Expanding in powers of y and λ, we obtain for the mixed-chirality operator:
C4f ≃ C
{
f 2
λ2q4λ
2
d1
m2
4
m2
1
+ (y4 − y1)fv2
(
−λq1λ
3
d1
m5
1
+
λ3q4λd4
m5
4
− λq1λd1λ
2
q4
m3
1
m2
4
+
λq4λd4λ
2
d1
m2
1
m3
4
)
+
+(y4 − y1)2f 2v2
[
λ4d1
2m6
1
+
λ4q4
2m6
4
+
λ2q4λ
2
d1
m2
4
m2
1
(
1
m2
1
+
1
m2
4
)]}
, (66)
where, for simplicity, we have taken: Crs = C˜rs = C. Eq. (66) leads to the estimate of Eq. (23).
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